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We demonstrate an emulsion-polymerisation technique to embed dibenzoterrylene-doped an-
thracene nanocrystals in polymethyl methacrylate (PMMA) nanocapsules. The nanocapsules re-
quire no further protection after fabrication and are resistant to sublimation compared to unpro-
tected anthracene. The room temperature emission from single dibenzoterrylene molecules is stable
and when cooled to cryogenic temperatures we see no change in their excellent optical properties
compared to existing growth methods. These now robust nanocapsules have potential for surface
functionalisation and integration into nanophotonic devices, where the materials used are compatible
with incorporation in polymer-based designs.
I. INTRODUCTION
Organic molecules can be bright, efficient sources of photons and when cooled to cryogenic tem-
perature demonstrate enviable properties [1]. Specifically, polycyclic aromatic hydrocarbons encased
in organic crystals have been shown to generate photons of high purity that show potential for use
in applications that exploit the single photon nature of their emission [2–4]. These molecules can be
processed at ambient temperature [5] and can be readily incorporated into photonic structures [6–
8]. Many of the desirable properties, including ease of manufacture, are due to weak van der Waals
bonding in aromatic crystals, which while useful can lead to experimental difficulties. The crystals
have a substantial vapour pressure at room temperature and pressure, and therefore readily sublime
away. Recent demonstration of self-assembled nanocrystals of organic molecules show ideal properties
at low temperature, but if left unprotected have limited room temperature application [5]. We show
here that by protecting self-assembled nanocrystals in a polymer shell we retain the ideal properties
and allow these encapsulated nanocrystals to survive a wider variety of manufacturing processes and
temperatures.
The exemplary molecule dibenzoterrylene (DBT) embedded in an anthracene (Ac) host matrix shows
many of the characteristics of an ideal emitter. Initial work used co-sublimation methods [9–12] to
produce macroscopic crystals, which show excellent spectral properties. However, to achieve the high
collection efficiency required for applications the emitters need to be incorporated in nanophotonic
devices. This would be greatly facilitated by introducing molecules into smaller crystals of the host
material to minimise undesirable effects. Previous work has relied on other methods of incorporation.
Melt-growth has been successful [4, 6, 13], but is has also been shown that this can be detrimental to
the emission properties of the molecule due to confined growth [14]. A super-saturated vapour growth
is useful for making thin films on a surface [15, 16], but so far demonstrations using this method
have only been at room temperature. The self-assembled precipitation method shown by Pazzagli
et al. required protection in a polymer layer which can also modify the nanophotonic environment
introducing, for example, scattering loss [5].
Our approach, detailed in this paper, is to protect the nanocrystals while still in solution to create
polymethyl methacrylate (PMMA) encapsulated DBT containing Ac nanocrystals, or nanocapsules.
These are produced through an emulsion polymerisation method [17], where methyl methacrylate
(MMA) is polymerised in solution around Ac nanocrystals. These PMMA nanocapsules show stable
and spectrally-narrow single photon emission without further polymer coating or manipulation. The
polymer nanocapsules also show robust physical properties, surviving long term storage at ambient
temperature, and increased resistance to sublimation at elevated temperature. We believe the lack of
additional polymer coating required and their physical robustness make them ideal for integration into
nanophotonic devices. This approach has proved fruitful for inorganic quantum dot structures and the
method can also allow functionalisation of the polymer coating [18]. This can be useful for locating
molecules at desirable positions on nanostructures and for biological applications where site labeling
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FIG. 1. (a) Chemical structures of DBT, Ac and PMMA, and an energy level diagram of DBT. The two
electronic energy levels of interest, S0,n and S1,n, are shown, along with their vibration sub-levels. The zero-
phonon line (ZPL, 784 nm) is shown as a transition between the S0,0 and S1,0 states. Blue-detuned pumping
to a higher vibrational excited state (765 nm), fast non-radiative decay and red shifted fluorescence (¿794 nm)
are also shown. A diagram of a cut through of a PMMA nanocapsule (blue) containing an Ac nanocrystal
(grey) is shown below. (b) A schematic of the confocal microscope used for the fluorescence imaging of the
nanocapsules. Dark green beam indicates the pump light, red is the fluorescence and grey is the white light
used for imaging. POL: linear polariser; BPF: band-pass filter; HWP: half-wave plate; 90:10: 90% reflection:
10% transmission beamsplitter; PM: power meter; 50:50: 50% reflection: 50% transmission beamsplitter; L1:
first lens; L2: second lens; Obj: microscope objective lens; CCD: charge-coupled device camera; LPF: long-pass
filter; MMF 50:50: multimode fibre beam splitter; APD: avalanche photodiode.
is needed. This method can also be easily extended for similar organic systems over a wide range of
emission wavelengths [19].
II. SYNTHESIS AND EXPERIMENTAL SETUP
A two-step growth process was used for synthesis to ensure nanocrystal/polymer shell distinction,
resulting in a stable DBT environment and optimal fluorescence properties. The nanocrystals were
synthesised first [5]. 20 ml of distilled water was deoxygenated by sonication for 5 minutes. 5 µl of
1 µmol DBT (MercaChem) in toluene (VWR) solution was added to 10 ml of 5 mmol zone-refined
anthracene (Tokyo Chemical Industry UK) in acetone (VWR) solution. 2 ml of this mixed solution
was then added to the distilled water and sonicated at 37 kHz and 50 ◦C for 30 minutes. The vial was
left uncovered for the growth.
The PMMA encapsulation was then performed using an emulsion polymerisation method based
on recipes used for the encapsulation of simple hydrocarbon cores [20–23]. 2 µl of a 10:1 methyl
methacrylate and allyl methacrylate solution (both Sigma-Aldrich, with no inhibitor and used as
supplied), 7 µl of 10 µmol ammonium persulfate solution ((NH4)2S2O8, Sigma-Aldrich) and 0.1 µg of
ferrous sulphate heptahydrate (FeSO4·7H2O, Sigma-Aldrich) were added to the solution and sonicated
for 10 minutes whilst the sonicator heated to 80 ◦C. The allyl methacrylate, ammonium persulfate and
ferrous sulphate heptahydrate are added with the MMA to increase the uniformity of formed particles
and achieve a smooth, regular surface [21]. There is also no additional surfactant added as the low
concentration of reactants and the vigorous sonication mean it is not required.
Once the MMA monomer and Ac nanocrystals have formed an emulsion the polymerisation is initi-
ated. 10 µl of 10µmol sodium thiosulphate solution (Na2S2O7, Sigma-Aldrich) and 10 µl of 70% tert-
butylhydroperoxide (C4H10O2, Sigma-Aldrich) were added. The solution was sonicated at 80
◦C for a
further 2 hours to form the PMMA nanocapsules. The MMA preferentially polymerises around the Ac
nanocrystals due to the decrease in solubility that occurs as polymer chain length increases. This de-
creased solubility makes it energetically favourable to form around the also immiscible Ac nanocrystals
[17]. Fig. 1(a) shows a diagram of a nanocapsule denoting the core/shell structure achieved.
Once the sonication solution had cooled ∼5 µl were pipetted onto a 10 mm by 10 mm substrate of
120 nm Si3N4 coated on top of 1µm SiO2 on a 500µm thick Si wafer for analysis. This substrate was
used to ensure good thermal conductivity when placed into our cryogenic confocal microscope. Prior
to this, white light microscopy was performed using a Nikon Eclipse L200.
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FIG. 2. (a) Histogram of single nanocapsule diameters taken from a 50x magnification image. (b) White light
images (20x magnification) of PMMA nanocapsules after deposition (top left) and 24 hours later (top right)
and nanocrystals after deposition (bottom left) and 24 hours later (bottom right). Loss of material due to
sublimation is clearly visible.
Confocal fluorescence microscopy was performed using the confocal microscope shown in Fig. 1(b). A
tunable continuous wave Ti:Sapphire laser (SolSTiS, MSquared) or pulsed Ti:Sapphire laser (Tsunami,
Spectra) was coupled into the microscope and collimated. The beam passed through a polariser (POL)
to clean the polarisation and then a band-pass filter (BPF) to reduce background. A half-wave plate
(HWP) was used to align the polarisation of the beam with the molecule dipole. A few percent
was picked off here and sent to a photodiode for power-locking. A 90:10 beamsplitter was used in
transmission with the reflected beam incident on a power meter (PM). The beam was then steered using
electronically controlled galvanometer mirrors (Thorlabs, Scanning Mirrors) before passing through
a ‘4-f’ configuration lens setup (L1 and L2) into the back aperture of an objective lens (LD EC
Epiplan-Neofluor 100x, 0.75 NA, Zeiss, Obj.). The sample was mounted after the objective on a 3-axis
piezo positioning stage (Attocube). The objective lens and sample were mounted within a cryostat
(Cryostation, Montana Instruments). This ‘4-f’ configuration setup allowed raster-scanning of the
720 nm full-width half-maximum focal spot across the sample via adjustment of the angles of the
galvanometer mirrors.
Fluorescence from the sample passed back through the shared beam path to the 90:10 beamsplitter,
where the reflected beam was long-pass filtered (LPF) to remove the excitation laser light before being
coupled to a multimode fibre. This was either sent to an avalanche photodiode (APD, Count-T, Laser
Components), a multimode fiber beamsplitter (MMF 50:50) connected to two APDs for correlation
measurements, or a spectrometer (Shamrock 303i with Newton EMCCD, Andor). A timing card
(Hydraharp, PicoQuant) was used for any time-tagging and correlation experiments.
Two removable 50:50 beamsplitters, one before the galvanometer mirrors to shine in white light and
the second between the second ‘4-f’ lens and the objective lens to direct light to a CCD (iXon, Andor),
were used for white light imaging.
III. RESULTS
We first determined the presence of polymer nanocapsules by white light microscopy. Fig. 2(a) shows
a histogram of nanocapsule size determined from a 50x magnification image. A mean nanocapsule size
of 990± 50 nm with a standard deviation of 200± 50 nm is found. Growth times from 1 to 4 hours
were investigated, with no visible change occurring beyond 2 hours.
One advantage of this encapsulation is preventing sublimation. To test this, images of polymer
nanocapsules and uncoated nanocrystals taken 24 hours apart were compared. Fig. 2(b) shows these
images. Analysis shows ∼ 96 % of the nanocapsules remain, compared to ∼ 10 % of the nanocrystals.
This highlights the resistance to sublimation of the polymer nanocapsules provides, and implies the
polymer shell fully encases the Ac.
A nanocapsule sample was then placed into the confocal microscope to investigate the properties
of the DBT molecules contained within. This was first performed at room temperature. White light
imaging with a CCD camera was used to identify PMMA nanocapsules. Laser light at a wavelength
of 767 nm was then spatially raster scanned across the sample whilst measuring red-shifted photons
on an APD to identify DBT containing nanocapsules. The blue-detuned 767 nm light is capable of
exciting the broadened S0,0 → S1,n transitions in DBT, as shown in Fig. 1(a). Fast ps-timescale
non-radiative relaxation then occurs from the excited vibrational electronic excited state S1,n to the
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FIG. 3. (a) Black is normalised count rate from the selected molecule as the half-wave plate is rotated, fitted
a sin2 curve shown in orange. (b) Data points are the count rate measured from fitting a Gaussian to a spatial
scan of the molecule at increasing pump powers. Fitted line is of the form given in Eq. 1, giving a maximum
count rate of 710± 20 kcnt s−1. (c) Black is data from a TCSPC measurement. Orange line is an exponential
decay fitted to the tail of the data giving a lifetime of 3.6± 0.2 ns. (d) The black is data from the second-
order correlation function measurement exciting with P = 1.26± 0.01 mW, showing a characteristic photon
anti-bunching dip. Orange fitted line is of the form given in the text, showing a visibility of 88± 3 %.
ground vibrational electronic excited state S1,0, where the red-shifted ns-timescale radiative decay to
the ground state manifold S0,n can be detected using an APD [24].
A nanocapsule containing a single DBT molecule was then selected for further analysis. The polar-
isation of the laser beam was varied to optimise the overlap with the molecular transition dipole. The
resulting change in fluorescence is shown in Fig. 3(a). Confocal scans at increasing laser intensity were
then performed and fitted with 2D Gaussians [24]. The maximum count rate at each intensity was
extracted from this and fitted with a saturation curve, shown in Fig. 3(b), using the function
R = R∞
S
1 + S
, (1)
where R is the detected count rate, R∞ is the maximum count rate and S = P/Psat is the saturation
parameter for the molecule with the laser power used, P , and the power at saturation, Psat. From
the data we find R∞ = 710± 20 kcnt s−1 and Psat = 900± 100 µW. The excited state lifetime of the
emitter was measured using a time-correlated single photon counting experiment. The molecule was
excited with a pulsed laser and the exponential decay in fluorescence with detection time is shown in
Fig. 3(c). Fitting an exponential decay to this data we find an excited state lifetime of τ1 = 3.6 ns, in
line with what is expected from DBT in Ac nanocrystals [5]. To confirm the quantum statistics of the
emitted light, a second-order correlation function, g(2)(τ), measurement was performed by splitting
the emitted light onto two detectors and measuring the time delay τ between coincident detection.
The normalised data, shown in Fig. 3(d), was fitted using the function
g(2)(τ) = 1− Ve−(S+1)Γ1|τ | , (2)
where Γ1 = 1/τ1 is the decay rate of the S1,0 → S0,n transition and V is the visibility of the anti-
bunching dip. Using the measured value for Γ1, a visibility of V = 88± 3 % and a saturation parameter
of S = 0.17± 0.06 are found. This measurement clearly shows the expected anti-bunching behaviour,
and V agrees with the predicted value of V = 85± 4 % from the signal to background ratio pumping
at this power [25]. Similarly, the S value matches the expected value from the laser power used and
the previous saturation measurements of S = 0.16± 0.01.
These measurements show no significant deviation from expected values for DBT in both nanocrys-
tals [5] and larger co-sublimation grown crystals [24]. Additionally, this molecule was excited at high
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FIG. 4. (a) Count rates for resonant (784 nm, points with red curve) and blue-detuned (765 nm, points with
blue curve) pumping for different pump powers. Resonant data is taken from fitted linescans (see (b)) and
blue-detuned data is from fitting a Gaussian to spatial fluorescence scans. Fitted lines are of the form given
in Eq. 1, giving R∞ = 540± 40 kcnt s−1 and R∞ = 760± 50 kcnt s−1 for the resonant and blue-detuned cases
respectively. (b) Data points are linewidth as a function of pump power taken from fitting Lorentzians to
linescans. Fitted line is of the form given in Eq. 4. Inset: Example of detected fluorescence as a function
of excitation wavelength showing the Lorentzian shape of a molecule resonance, see Eq. 3, exciting with
P = 530± 1 nW. (c) The black is data from the second-order correlation function measurement exciting with
P = 5.49± 0.01µW, showing a characteristic photon anti-bunching dip. Red line is of the form given in Eq. 5.
(d) Fluorescence spectrum of a single molecule.
intensities for many hours without any blinking or change in spectral properties, highlighting the
suitability of the nano-encapsulation for protecting the emitter.
For any generation of coherent, indistinguishable photons from DBT the thermal dephasing from
vibrations in the surrounding Ac matrix needs to be reduced. To do this we prepared a sample
with higher DBT doping by increasing the volume of DBT:toluene solution from 5µl to 10 µl during
nanocrystal growth, and cooled the resulting encapsulated nanocrystals down to 4.7 K in a Montana
Cryostation cryostat. The same confocal microscope was then used to analyse the sample.
The laser was set to a wavelength of 784 nm and a power P = 1 mW, then scanned across the sample
to locate DBT containing nanocapsules through classical scattering and changes in background counts.
The laser power was then reduced to P = 1µW, expected to be S ∼ 10 [26], and scanned in wavelength
from 780 nm to 785 nm while focused on a nanocapsule. During the scan we monitored the red-shifted
fluorescence at wavelengths > 800 nm, collected and detected on an APD. When the laser was resonant
with the S0,0 → S1,0 transition of a molecule a Lorentzian response was seen on the APD, as shown
in the inset of Fig. 4(b). This allowed us to identify a number of molecules in each nanocapsule.
After locating a DBT molecule, resonant linescans were repeated at increasing powers. The lineshape
is described by the Lorentzian curve
R = R∞
S
1 + S +
(
2piδ
Γ2
)2 , (3)
where δ = ν − ν0 is the detuning of the laser frequency, ν, from the molecule transition frequency, ν0,
and Γ2 is the dephasing rate of the transition [27]. The peak height of the Lorentzian can be plotted
versus power and fitted with Eq. 1 to give a saturation curve, as shown in Fig. 4(a). Fitting this data
we find R∞ = 540± 40 kcnt s−1 and Psat = 480± 70 nW.
A property of interest is the dephasing rate Γ2, which is the inverse of the coherence time. Many
quantum information uses require all emitted photons to be indistinguishable from one another, a
property which is maximised when Γ2 is reduced to lifetime-limit of Γ2 = Γ1/2 [26, 28]. The measured
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FIG. 5. (a) Zero-power linewidth and (b) ZPL wavelength distributions for 35 DBT molecules in nanocapsules.
linewidth ∆ν at a given excitation power is related to Γ2 through [29]
∆ν = 1piΓ2
√
1 + S , (4)
as shown in Fig. 4(b). The saturation dependence here is due to the phenomenon of power broadening.
A ‘zero-power’ linewidth of 56± 4 MHz is found, corresponding to Γ2 = 2pi × 28± 2 MHz.
The second order correlation function was then measured. The resulting data is shown in Fig. 4(c).
Due to the greatly reduced thermal dephasing at low temperatures, the g(2)(τ) function takes the form
[29]
g(2)(τ) = 1− V p+ q
2q
e−
1
2 (p−q)|τ | + V p− q
2q
e−
1
2 (p+q)|τ | , (5)
where p = Γ1 + Γ2, q =
√
(Γ1 − Γ2)2 − 4Ω2, and Ω =
√
Γ1Γ2S.
Coherent Rabi oscillations are seen either side of the characteristic anti-bunching dip. Γ2 and Psat
are known from the previous measurements of linewidth and saturation, and the fit gives a visibility
V = 90± 10 % and a decay rate of Γ1 = 2pi × 46± 6 MHz. The predicted visibility is V = 96± 2 %,
when taking into account background from the pump laser and photons from other nearby molecules.
This background could be reduced by using a lower concentration of DBT during the nanocapsule
synthesis [26], thereby increasing the measured visibility. Our measured linewidth is broader than the
lifetime-limit (2pi × ∆ν = 2Γ2 = Γ1) by a factor ∼ 1.2 due to excess thermal dephasing, consistent
with what is expected for the temperature of our cryostat [26].
The laser was then tuned to 765 nm to excite an S0,0 → S1,n transition, similar to previous room-
temperature experiments. Spatial laser scans were performed, whilst recording the 785± 3 nm band-
pass filtered fluorescence to maximise signal-to-background. This data was fitted with a saturating
Gaussian to determine the saturation properties of the molecule, shown by the blue curve in Fig. 4(a).
We find R∞ = 760± 50 kcnt s−1 and Psat = 2500± 400 µW on fitting this data. The increase in
Psat compared to the case of resonant pumping is mainly due to the 40 GHz width of the vibrational
transition, which is ∼1000 times broader than the S0,0 → S1,0 transition [24]. To maximise the
signal-to-background we adjusted the detuning of the laser from the vibrational transition to avoid
exciting other nearby molecules. This detuning caused a further increase in the observed value of Psat.
The spectrum shown in Fig. 4(d) was measured on the spectrometer whilst pumping the S0,0 → S1,3
transition. The spectrum shows the strong S1,0 → S0,0 zero-phonon line (ZPL) at 783.7 nm, and the
first three S1,0 → S0,n6=0 decays to vibrational levels at 794.5 nm, 798.1 nm and 802.0 nm. These are
at typical wavelengths for DBT in Ac [26, 30].
This data shows the excellent low temperature spectral properties of DBT are not affected by the
PMMA encapsulation for this molecule. In order to determine if this molecule was a typical example,
resonant linescans at a range of powers were performed for 34 additional molecules. Linewidths taken
from these scans were fitted with Eq. 4 to give the zero-power linewidth. Fig. 5(a) shows a histogram
of this data, showing many narrow, stable molecules. This large collection of molecules with linewidths
around the limit of what is achievable with our cryostat shows the reliability of this nanoencapsulation
method for single photon generation. Fig. 5(b) shows the central wavelength of the ZPL transition for
these molecules, showing the inhomogeneous broadening due to local environmental differences and is
consistent with bulk values.
7IV. CONCLUSION
This work shows the development of a self-assembled DBT/Ac/PMMA nanocapsules for single
photon generation. The nanocapsules do not require any further treatment to survive continuous high-
power excitation and ambient conditions for many hours and can emit near lifetime-limited photons
at low temperature. The DBT shows no change in optical properties compared to already established
growth methods, such as re-precipitation [5], melt-growth [4] and co-sublimation [12] showing there
are no adverse effects due to this encapsulation method.
We believe the lack of need for any further protection makes them ideal for incorporation into
nanophotonic structures. Polymer based nanophotonic structures would be ideal candidates for inte-
gration due the similar materials used and the nanocapsules can now be subject to a wider range of
manufacturing processes [31, 32]. Microscopy shows a distribution of nanocapsule size with a mean
of 990± 50 nm, however previous work has shown promise using commercially available syringe pore-
filters to select smaller nanocrystals [5, 26], and this could be used for greater size selectivity of
nanocapsules.
PMMA is a versatile material and functionalisation could be achieved through addition of modified
monomers during the polymerisation step of the fabrication. Other work with PMMA encapsulation
has already shown how the capsule properties, such as thickness and surface morphology, can be
modified [17]. This works extends the practicality of organic emitters in quantum technologies, opening
up new potential applications for these ideal sources of light.
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